Objective: Non-pharmacological interventions are important in reducing risk for osteoporotic fractures. We investigated the effects of a 16-week individualized resistance training intervention on bone mineral density (BMD), bone turnover markers and 10-year relative risk (RR) for osteoporotic fracture. Design: Interventional study with a follow-up. Methods: In total, 37 elderly women (mean age 71.9 ± 3.1 years) with decreased muscle strength participated in the resistance training intervention three times per week with 60 min per session for 16 weeks under the supervision of a licensed physiotherapist. Total hip BMD with quantitative CT, bone markers (sclerostin, osteocalcin, CTX, PINP, IGF-1, 25(OH)-D) and 10-year RR for osteoporotic fracture were measured at baseline, post-intervention and at 1-year follow-up after the end of the intervention. Eleven age-and sex-matched controls did not participate in the intervention but were studied at baseline and at 1-year follow-up. Results: Resistance training seemed to increase total hip BMD by 6% (P = 0.005). Sclerostin (P < 0.001) and total osteocalcin (P = 0.04) increased while other bone markers remained unchanged. A 10-year RR for major osteoporotic and hip fracture remained unchanged. At follow-up total hip BMD (P < 0.001) decreased back to the baseline level with a simultaneous decrease in serum sclerostin (P = 0.045), CTX (P < 0.001) and an increase in 25(OH)-D (P < 0.001), 10-year RR for major osteoporotic (P = 0.002) and hip fracture (P = 0.01). Conclusions: Our findings suggest an important role of continuous supervised resistance training for the prevention of osteoporotic fractures in elderly women with decreased muscle strength.
Introduction
Low bone mineral density (BMD) is a major risk factor for osteoporotic fracture (1) . In addition to pharmacological interventions (2) , resistance training is an effective method to maintain (3, 4) or even increase BMD and muscle strength (5) (6) (7) (8) (9) (10) (11) (12) , which together may reduce the risk of fracture through increased balance (13) or an osteogenic effect stimulated by mechanical loading (14) . Osteocytes are the mechanosensors in bone tissue (15) that coordinate the osteogenic response to mechanical loading at least in part through the expression of sclerostin (16) , which is an osteocyte-secreted soluble antagonist of the Wnt/β-catenin signaling pathway and regulates osteoblast differentiation and activity and is a negative regulator of bone mass (17) . However, paradoxically in a few studies, sclerostin has been found to positively associate with BMD in postmenopausal women (18) (19) (20) .
The WHO Fracture Risk Assessment Tool (FRAX) integrates many risk factors for osteoporotic fractures including hip BMD and can be used to estimate individual 10-year relative risk (RR) for osteoporotic fracture (21) . The gold standard method in clinical use for measuring BMD is dual x-ray absorptiometry (DXA) (22). QCT is a technique used to measure hip BMD with computed tomography (CT) with a calibration phantom to convert Hounsfield units (HU) to BMD values (23) . BMD results between hip QCT (CTXA hip) and conventional DXA have a highly positive correlation (24, 25) . However, it is not known whether a resistance training intervention results in a long-term improvement of hip BMD as measured with QCT in women with decreased muscle strength.
The aim of this study was to investigate the effects of a 16-week supervised resistance training intervention on hip BMD, bone markers and 10-year RR for osteoporotic fracture in elderly women with decreased muscle strength. Furthermore, our aim was to investigate whether the possible favorable outcomes are sustained 1 year after the end of the intervention. We hypothesized that resistance training intervention results in an increase in hip BMD and is accompanied with changes in bone markers and, consequently, a decrease in 10-year RR for osteoporotic fracture. We further hypothesized that the putative increase in BMD is not sustained after cessation of the resistance training intervention. To address these questions, we used the QCT imaging method to assess hip BMD, blood sampling and FRAX (http://www.shef. ac.uk/FRAX/) before and after the resistance training intervention and 1 year after the end of the intervention.
Subjects and methods

Study population
Study subjects were recruited at the Folkhälsan Research Center, Helsinki, Finland, between May 21, 2012 , and December 4, 2013, from the Helsinki Birth Cohort Study (HBCS) II (26) , which included 13 345 subjects born during [1934] [1935] [1936] [1937] [1938] [1939] [1940] [1941] [1942] [1943] [1944] . The eligible study subjects were selected from a sub-cohort of 2003 subjects that had been deeply clinically characterized throughout the years. 37 subjects with decreased handgrip strength values and 11 age-and sex-matched controls with normal handgrip strength values were successfully recruited for the study. Data for the handgrip strength measurement was obtained from the earlier conducted clinical study (27) . Inclusion criteria for the subjects with decreased handgrip strength were a handgrip strength value below the median value of all HBCS participants assessed between 2001 and 2004, age between 68 and 78 years, female gender and none of the exclusion criteria present. Inclusion criteria for the controls were handgrip strength value above the median value of all HBCS participants assessed between 2001 and 2004, age between 68 and 78 years, female gender and none of the exclusion criteria present. The exclusion criteria for all subjects included diabetes requiring insulin treatment or fasting glucose above 7 mmol/L at the last visit before the enrollment. Subjects currently smoking or with comorbidities influencing insulin sensitivity or with contraindications for participating in an exercise intervention (e.g., chronic atrial fibrillation and pacemaker) or an MRI study were also excluded. Before and after the intervention until the follow-up visit, none of the subjects used intraoral glucocorticoids or medications other than calcium and vitamin D, which affects calcium or bone metabolism. None of the subjects had suffered from previous hip fracture. No differences were found in age (P = 0.22) or BMI (P = 0.56) between included and excluded women subjects. Sample size was based on our previous study investigating the effect of resistance training on thigh muscle and whole-body insulin sensitivity (28) . A sample size of 37 subjects with decreased muscle strength would allow us to detect a 4.9% change in hip BMD at a significance level of 95% and with 80% power. The ethics committee of the Hospital District of Southwestern Finland approved the studies (26/180/2012), which were conducted according to the principles of the Declaration of Helsinki. All subjects gave their written informed consent before studies. The study is registered to Clinicaltrials.gov (NCT01931540).
Study design
The study design is depicted in Fig. 1 . Intervention and control groups were studied at baseline, and only the intervention group was studied after a 16-week supervised resistance training intervention. A subset of 19 intervention subjects and 6 control subjects were studied 1 year after the end of the intervention. The average time between the pre-intervention and post-intervention visit was 5.1 ± 0.7 months, between post-intervention and follow-up visit was 12.3 ± 1.5 months and between preintervention and follow-up visit was 17.8 ± 3.1 months.
After the first study visit, the intervention group underwent an individualized resistance training intervention. The intervention consisted of three sessions per week, which lasted 60 min per session and was under the supervision of a trained licensed physiotherapist for 16 weeks. Resistance training sessions started with warm-up (10 min) with cycle and/or elliptical ergometer. They continued with different resistance exercises targeting large muscle groups of the lower and upper body (e.g., leg presses, chest presses, seated rows, abdominal crunches, back extensions, seated leg curls and hip abductions). At each station, subjects completed three sets of 8-15 repetitions with a load that corresponded to 50-80% of estimated one repetition maximum (RM). One RM for each exercise was estimated from 8-RM tests by applying Epley's formula (29) . Progress in muscle strength was measured once a month and the loads for the following month were adjusted as appropriate. Adherence (actualized individual exercise frequency per week divided by maximum exercise amount per week) to exercise was 78.6 ± 10.8%. All the subjects who were not prescribed with anti-osteoporotic treatment (other than calcium or vitamin D) after intervention (32 from the intervention group and 11 controls) were invited to a follow-up visit that took place 1 year after the end of the intervention. About 25 subjects (19 from the intervention group and 6 controls) participated in this visit. There were no differences in the baseline characteristics among the subjects that were included in or excluded from the follow-up except for serum sclerostin, which was lower in the included group (P = 0.004) ( Table 1 ) even after adjusting for muscle strength. This difference found was no longer present at the post-intervention visit (P = 0.31). No difference in the exercise effect on serum sclerostin was observed between the included and excluded subjects (P = 0.36).
Clinical investigation
Clinical examination was carried out by a physician (VH, HL, JR) at the Turku PET Centre, University of Turku, Turku, Finland, between June 8, 2012, and April 29, 2014. It included measurements of weight, height, waist and hip circumference, and total body fat % (Omron HBF-400-E) In addition, study subjects kept an exercise diary on leisure-time physical activity during the intervention and the follow-up. In brief, frequency of leisure-time physical activity per week was 5.3 ± 2.9 during the intervention and 5.2 ± 2.4 during the follow-up (P = 0.50). Amount of leisure-time physical activity was 55.6 ± 32.1 min per session during the intervention and 60.9 ± 32.2 min per session during the follow-up (P = 0.19).
CT studies
CTXA of the hip from left proximal femur in g/cm 2 was measured using quantitative CT (Discovery 690, General Electric (GE) Medical systems) with a resolution of 3.75 mm. A region located between the superior aspect of the femoral head and inferior aspect of the lesser trochanter was scanned with the patient lying in a supine position on the CT ROI with thickness of 15 mm was used, and it was placed in the femoral collum resting on top of the trochanters excluding femoral head. The distal extent line was set to the base of the lesser trochanter (Fig. 2) . The trochanteric and intertrochanteric BMD were assessed automatically. BMD measurements were obtained for 36, 32 and 19 intervention subjects and for 11 and 6 control subjects, respectively. One baseline study and two post-intervention studies were cancelled due to technical difficulties. One post-intervention study was cancelled owing to withdrawal of consent and two intervention subjects did not participate in the intervention. Baseline and post-intervention BMD measurements were analyzed after the post-intervention visit. BMD analyses were performed by a single investigator (VH). The 10-year RR for major osteoporotic (MO) and hip fracture was calculated with the WHO Fracture Risk Assessment Tool (http://www.shef.ac.uk/FRAX/). After the post-interventional analyses, calcium (dosage 1000 mg/ day) and vitamin D supplement enhancements (dosage 20 μg/day) were recommended to 76% of subjects included in the follow-up based on the QCT results. The self-reported use of calcium dosage range of all follow-up subjects was 0-1000 mg/day and vitamin D dosage range was 0-60 μg/ day assessed with a questionnaire at the follow-up visit.
Methodology for obtaining muscle masses is described in the supplementary material of our previous article by Bucci et al. (28) . As short, the thigh CT images were semiautomatically co-registered to the whole-body MRI images and then measures were taken to select a 1.5 cm thick section (1.6 cm mask in the imaging software) that was at 5 cm distance (perpendicularly) from the pubic region (with right and left inguinal lines showed in coronal view). It followed the manual segmentation of the different muscle groups by drawing ROIs in the 5-6 selected slices in the Carimas software. The selected compartments were quadriceps, adductor magnus, hamstring and adductor longus muscles. After drawing the ROIs surrounding the muscle groups, the muscle tissue volume on the CT image was segmented via HU thresholding. A threshold of 0 to 100 HU was used as described previously (30) . The different muscle group volumes were converted into masses using the skeletal muscle density (1.04 g/cm 3 ).
Bone markers
Fasting morning serum samples were collected at baseline and after the 16-week intervention. The third sample was collected at follow-up visit. Serum samples were stored as aliquots at -80°C. Serum samples were obtained for 37, 34 and 19 intervention subjects. In the control group, serum samples were collected at baseline and at the follow-up visit. Serum samples were available for 11 and 6 controls, respectively. All samples were measured as duplicates and simultaneously at the end of the study. Bone resorption was assessed by C-terminal crosslinked telopeptides of type I collagen (CTX, IDS-iSYS CTX-I ELISA, CrossLaps®) and bone formation by intact N-terminal propeptide of type I collagen (PINP, IDSiSYS IntacPINP assay). We also measured serum levels of insulin-like growth factor-I (IGF-I) with IDS-iSYS Insulinlike Growth Factor-I assay. All iSYS assays were purchased from IDS Ltd, UK, and measurements were performed at ValiRx Finland Ltd (Oulu, Finland). Plasma levels of 25-hydroxyvitamin D (25(OH)-D) were measured with the Elecsys® Vitamin D Total immunoassay (Roche Diagnostics GmbH). Serum total osteocalcin (TotalOC) was determined with two-site immunoassay based on monoclonal antibodies 2H9 and 6F9 using previously described protocol (31) . Serum sclerostin was measured with Sclerostin ELISA from Biomedica (Vienna, Austria) according to manufacturer's instructions. Two subjects and one control had serum sclerostin at baseline below the detection limit (<25 pmol/L) and sclerostin data was thus obtained only for 35 subjects and 10 controls at baseline. 
Results
Baseline characteristics
Handgrip strength assessed during 2001 to 2004 was lower in the intervention group (P < 0.001). Age, body mass index, waist-to-hip ratio, total body fat, supplemental calcium and vitamin D intake did not differ between the groups. About 13.5% of intervention subjects and 27.3% of control subjects used calcium and/or vitamin D supplements (P = NS). No differences were found in the prevalence of earlier diagnosis of osteoporosis, percent of subjects currently using HRT or 10-year RR for MO or hip fracture between the groups. Total hip, femoral neck, trochanteric or intertrochanteric BMD did not differ between the groups. Quadriceps muscle mass was lower in the intervention group compared with control group (P = 0.016). No differences in adductor longus, adductor magnus or hamstring muscle masses were found. The levels of bone turnover markers were similar in the intervention and control groups with the exception of sclerostin, which was slightly higher in control group (P = 0.037) ( Table 2) .
Changes in muscular strength and mass
Resistance training increased mean quadriceps muscle mass by 9.2% (P = 0.001) and adductor magnus muscle mass by 4.4% (P = 0.012) as reported previously by Bucci et al. (28) . No increase in hamstring or adductor longus muscle masses was observed. No correlations were observed between the changes in thigh muscle masses and the change in hip BMD. with 95% CI. *P < 0.05, **P < 0.01, ***P < 0.001.
Muscle strength measured by mean RM on 8 (RM8 in kg) increased by 60% on the leg press, 96% on seated row, 118% on the chest press, 51% on abdominal crunches, 70% on seated leg curls, 69% on back extensions and 43% on hip abduction after the resistance training intervention (P < 0.001 for all). No significant correlations were observed between the change in measured muscle group strength and BMD. BMI, waist-to-hip ratio and total body fat percentage remained unchanged after the intervention.
Changes in BMD, 10-year RR for osteoporotic fracture and bone markers
Resistance training seemed to increase the total hip BMD by a mean of 6% (P = 0.005) (Fig. 3) . The change in the total hip BMD was mainly due to increased bone mass in the intertrochanteric area (+10.7%, P = 0.001), while the BMD of trochanteric (+2.0%, P = NS) and femoral neck (−4.1%, P = NS) areas remained unchanged. Serum levels of sclerostin (P < 0.001) and total osteocalcin (P = 0.04) increased after the intervention (Fig. 3) while the levels of CTX (P = NS), PINP (P = NS), IGF-1 (P = NS) and 25(OH)-D (P = NS) remained unchanged ( Table 3 ). The 10-year RR for hip fracture remained unchanged (P = NS) (Fig. 3) . No correlations between the changes in bone markers and changes in BMD were observed (data not shown).
Changes in BMD and bone markers during the follow-up
Mean total hip BMD decreased by 8.6% (P < 0.001) in the intervention group at follow-up when compared with post-intervention values. In controls, total hip BMD (P = NS) remained unchanged (Fig. 3) . Serum sclerostin decreased in the intervention group (P = 0.045) but serum osteocalcin remained unchanged (P = NS). 25(OH)-D increased after the intervention (P < 0.001) and CTX decreased (P < 0.001) but PINP (P = NS) and IGF-1 (P = NS) remained unchanged ( Table 3 ). The 10-year RR for hip fracture increased by 2.1% (P = 0.01) and for MO fracture by 3.0% (P = 0.002) in the intervention group at follow-up when compared with pre-intervention values (Fig. 3) . In controls, 25(OH)-D (P = 0.002) and total osteocalcin (P = 0.02) increased but CTX decreased (P = 0.006). Serum sclerostin (P = NS), PINP (P = NS) and IGF-1 (P = NS) remained unchanged ( Table 3 ). The 10-year RR for hip fracture increased by 1.6% (P = 0.036) and for MO increased by 2.6% (P = 0.03) at follow-up compared with pre-intervention values (Fig. 3) .
Mean calcium (121.6 ± 320.7 vs 842.1 ± 374.6 mg/day) and vitamin D supplement intake (3.24 ± 8.8 vs 26.8 ± 14.0 μg/day) increased in the intervention group (P < 0.001 in both). In controls, vitamin D (8.2 ± 7.3 vs 27.0 ± 13.0 μg/day, P = 0.03) but not calcium (222.2 ± 363.2 vs 600 ± 547.7 mg/day, P = NS) supplement intake increased. There was no correlation between the decrease in total hip BMD and vitamin D and calcium supplement intake or increase in 25(OH)-D during the follow-up. In addition, no correlation was observed between increase in 25(OH)-D and decrease in CTX. BMI, waist-to-hip ratio and total body fat remained unchanged in intervention and control groups during the entire follow-up period (data not shown).
Discussion
We studied the effects of a 16-week resistance training regimen on BMD, serum bone markers and 10-year RR for osteoporotic fracture in elderly women with decreased muscle strength. It appears that resistance training significantly increased total hip BMD as well as concentrations of serum sclerostin and osteocalcin. The 10-year RR for osteoporotic fracture remained unchanged. Moreover, we found that total hip BMD decreased back to baseline levels and the 10-year RR for osteoporotic fracture increased significantly after discontinuation of the resistance training intervention. Bone markers, except for serum sclerostin, CTX and 25(OH)-D, remained unchanged after 1 year from the end of the intervention. Our findings suggest a beneficial role of continuous supervised resistance training for the prevention of osteoporotic fractures. The 16-week resistance training intervention increased mean total hip BMD, but 10-year RR for osteoporotic fracture remained unchanged. This is explained by the fact that the FRAX calculation is based on femoral neck BMD (21) that remained unchanged in our study. The reason why femoral neck BMD did not increase may be explained by the lack of a site-specific muscle-bone interaction, which is discussed later on. Nonetheless, the finding that total hip BMD increased in response to resistance exercise seems to be in line with the only longitudinal QCT study reported previously. Lang et al. found that total hip BMD increased by 3.4% after 16-week resistance training intervention in 25 to 55-year-old male and female subjects (32) . We found a 6% increase in total hip BMD, which is higher compared with the finding by Lang et al. However, this may result from a different age group, gender or muscle strength of study subjects or differences in exercise intervention protocols.
An increase in BMD due to resistance training has been reported to be lower in longitudinal studies in which BMD was assessed with DXA compared with QCT. Bemben et al. found that a 40-week resistance training regimen, regardless of intensity and frequency, was effective to improve hip BMD up to 1.5% in elderly male and female subjects (10). Marques et al. found an 8-month resistance training regimen increased proximal femur BMD up to 2.9% in elderly women (11) . The magnitude in BMD changes found may be explained by differences in the intensity of resistance training interventions or in demographic profiles of subjects as well as in methodology, that is, QCT and DXA combined with inter-and intra-observer precision errors. In our study, the same experienced investigator carried out all the QCT analyses, which means that inter-observer reproducibility was not evaluated. Intra-observer precision errors for our method for femoral neck BMD have been reported to be approximately 1.5% (33) . Moreover, Lang et al. have shown that the precision of duplicate QCT scans of cadaveric femurs was excellent (34) . It has also been found that the precision of CTXA duplicate hip scans are slightly better than DXA (25) , which may be explained with the fact that QCT intra-observer precision error is caused mainly by image isolation and rotation of the hip during the analyses. Overall, we conclude that differences in the BMD increases among the studies are likely explained by methodological differences, but it is not excluded that these increases may also be more prominent in subjects with decreased muscle strength which would indicate a connection between muscles and bone.
We found no correlations between muscle strength and BMD. However, muscle-bone interaction may still underlie the BMD outcome, which may be partly explained by spatially heterogeneous response of bone to resistance training targeted to different muscles (32) . This is supported by Marques et al. who suggested that the positive effect of exercise observed in the total hip BMD may be related with the inclusion of movements, such as hip abduction stimulating the gluteus muscles, which insert in the greater trochanter (11) . In our study, the increase in hip BMD was mainly located in the intertrochanteric area, which is the origin site of vastus muscles of quadriceps femoris. Moreover, we found that the mass of this muscle group increased after exercise, but the correlation between an increase in thigh muscle masses and total hip BMD was not observed. Ma et al. (35) studied the muscle-bone unit in subjects with varying BMD and found that in the subjects with osteopenia or osteoporosis, relatively larger muscle masses act on the weakened bones independent of age, which in other words means that as BMD decreases abnormally, more bone than muscle is lost. In short, we found that BMD increased simultaneously with muscle mass without observed correlation. This may indicate that increased muscle mass results in increased mechanical strain on bone that stimulates site-specific osteogenesis through osteoblast and osteocyte activation.
Serum sclerostin, an osteocyte-specific protein that inhibits bone formation via Wnt-signaling pathway (17) , and muscle strength were lower in the intervention group compared with controls at baseline. The Wnt-signaling pathway is known to inhibit muscle differentiation (36) , and this may be one explanation for the difference found in the serum sclerostin concentration. A similar finding has been made in young female gymnasts who had higher serum sclerostin levels compared with controls (37) . In addition, we found that hip BMD distribution between controls and the intervention group was different. This may be associated with a difference in muscle strength or serum sclerostin levels among the groups. Shen et al. (38) found that the osteocyte-specific ablation of Cx43 gene not only reduced BMD, but also had a negative effect on muscle mass in mice, which suggests a link between osteocytes and surrounding muscles.
We found that serum sclerostin levels increased significantly after resistance training. Given that sclerostin locally inhibits bone formation, this is not in agreement with the osteogenic effect observed in our study. Circulating sclerostin levels have been shown to correlate closely with bone marrow levels (17) . However, it is not yet elucidated how well the changes in circulating sclerostin reflect the changes in bone microenvironment. The sources of biological variability are still unclear, and circulating sclerostin levels do not always correlate as expected with observed BMD (17) . Similar findings have earlier been made in elderly women with anti-osteoporotic medication. Polyzos et al. found that sclerostin levels increased with BMD after 6-month risedronate treatment (18) , although decrease was expected. Moreover, limited data is available concerning serum sclerostin and physical activity in humans. Falk et al. observed an acute increase in serum sclerostin levels in young men following one session of high-impact exercise (39). Lombardi et al. compared sclerostin serum concentrations among athletes belonging to different sports characterized by different weight-bearing exercises. They found that serum sclerostin was higher in weight-bearing than in non-weight-bearing subjects (40) . Increased circulating levels of sclerostin may reflect the increase in muscle mass or activation of sclerostin-synthesizing osteocytes (17) that may be caused by resistance training-induced mechanostimulation or bone microdamage (41) . It is not ruled out that exercise-induced effects on serum sclerostin levels are age and sex dependent. In contrast to earlier studies (18) (19) (20) , we found no correlation between serum sclerostin and BMD, which suggests that serum sclerostin levels do not always correlate with BMD (17) . Circulating levels of osteocalcin also increased after resistance training, which may indicate the activity of osteocalcinexpressing osteoblasts and osteocytes and increased bone formation/bone remodeling in response to exerciseinduced mechanostimulation or bone microdamage.
To our knowledge, this is the first study to assess BMD at follow-up 1 year after discontinuation of the resistance training intervention. We found that total hip BMD returned approximately to baseline levels. This finding highlights the importance of continuous supervised resistance training in maintaining the achieved BMD. Engelke et al. found in their follow-up study that total hip BMD decreased significantly by 1% at the 1-year time point in a control group without previous exercise interventions (4). In our study, the decrease in BMD was more rapid. The typical average BMD loss is 1.0-3.7% per year in non-exercising postmenopausal women (42) . It should be noted that the expected decrease in BMD was not observed in non-exercising controls in our study, which likely results from low statistical power within the control group. Simultaneous vitamin D and calcium supplemental use has been found to lead to a small increase in BMD in postmenopausal women (43) . This was not the case in our study because total hip BMD decreased despite the increases in vitamin D and calcium supplemental intake and 25(OH)-D concentration. We found no correlation between decrease in total hip BMD and vitamin D or calcium supplement intake or between decrease in total hip BMD and increase in 25(OH)-D during the follow-up suggesting that calcium and vitamin D supplementation or increase in 25(OH)-D concentration did not probably affect the observed decrease in BMD at the follow-up.
CTX decreased similarly in both intervention and controls groups at the follow-up. One possible explanation to this may be simultaneous increase in 25(OH)-D, which may be caused by the increase in vitamin D supplement intake in both groups. Inverse correlations between 25(OH)-D and CTX concentrations have earlier been reported in obese subjects (44) and in postmenopausal women (45) . However, in our study no correlation between change in CTX and change in 25(OH)-D concentrations was found which is probably due to too low sample size. Osteocalcin levels remained elevated at the follow-up visit, which suggests that a decrease in osteocalcin back to baseline levels would require more time compared with the decrease in BMD. Interestingly, we found that serum sclerostin levels decreased after cessation of resistance training intervention. Taken together, these two findings could also suggest that osteocalcin levels remain elevated due to high bone remodeling also during the phase of bone loss after cessation of training, while the levels of sclerostin reflect the exercise-induced activation of osteocytes. To our knowledge, studies investigating the long-term changes in serum sclerostin levels, after cessation of resistance training intervention, have not been conducted.
Strengths of this study included a well-characterized study population, the assessment of serum bone markers simultaneously with high-quality CTXA hip BMD measurements. The resistance training intervention was efficient, as muscle strength and muscle masses increased. This reflects the adherence and motivation of our study population. In addition, subjects kept exercise diaries during the intervention and the follow-up period. We found no differences in frequency or amount of leisure-time physical activity between the intervention and follow-up period. This means that leisure-time physical activity did not probably have an effect on our results. A major limitation of our study was a relatively small sample size. In addition, controls were not re-examined after 16 weeks simultaneously with the intervention group, which may mean that BMD gain of 6% by technical causes cannot be completely ruled out. In addition, the follow-up consisted only of a subset of subjects, thus decreasing the statistical power. We did not have the possibility to analyze cortical and trabecular BMD simultaneously due to lack of advanced research tools. An additional limitation was lack of information about the age of menarche, years after menopause, parity and previous HRT treatment of the study subjects, possibly influencing the external validity of our results.
Our control group had normal muscle strength, which may seem to be a flaw in the study design. Original purpose of the control group was to demonstrate that the intervention group truly had decreased muscle strength at baseline. However, we did not test the effects of exercise or follow-up between the intervention and control group but only within the groups. One limitation in our study was that dietary intakes of vitamin D and calcium were not assessed. However, supplemental vitamin D and calcium intake data was available and adherence to this treatment seemed to be excellent because 25(OH)-D increased at the follow-up in both groups. Supplemental intakes were reported to be low at baseline probably because only minority of subjects used them. Nonetheless, supplemental vitamin D intake increased in both groups but calcium intake increased only in intervention group. It may be that significant increase of calcium intake in control group was not observed because of too small sample size. Another limitation in our study was poor follow-up, which consisted only approximately 50% of the subjects. However, all the subjects, excluding those who were prescribed an anti-osteoporotic treatment (other than calcium and vitamin D) were invited to follow-up visit. One explanation for poor follow-up may be low willingness to join the follow-up study after very intense interventional study. Comparison of the baseline characteristics between included and excluded subjects did not show any differences except for serum sclerostin. This difference persisted even after adjusting for muscle strength and the reason for this remains unknown.
In conclusion, we found that 16-week resistance training intervention seemed to increase BMD and maintained the 10-year RR for fracture in elderly women with decreased muscle strength. These positive outcomes were not sustained 1 year after the cessation of resistance training intervention. These findings suggest a beneficial role of continuous supervised resistance training in the prevention of osteoporotic fractures in elderly women with decreased muscle strength.
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